Abstract. The distribution of fiber orientation is an important factor in determining the mechanical properties of fiberreinforced concrete. This study proposes a new image analysis technique for improving the evaluation accuracy of fiber orientation distribution in the sectional image of fibers reinforced concrete. The article is devoted to research the systematic evaluation of fiber-cuts through the image processing software. Mathematical representation of the final dispersal of fibers in steel fiber-reinforced concrete is incorporated into a programmed evaluation software. The software detects fibers and classified according to their axes of rotation angle and size of the identified ellipse detection area. Image processing algorithm and detecting fibers has been developed only for these research purposes. Detection area is randomly inserted via steel fiber reinforced concrete structure. The results show the average value of uniformity in the fiber-samples produced in the laboratory.
Introduction
"SFRC" fiber reinforced concrete is a composite material with higher strength characteristics.Thus, the distribution of fibers strongly influences the resulting mechanical performance of the composite (Dupont, Vandewalle 2005; Kwon et al. 2012; Tosun-Felekoğlu et al. 2014; Ferrara, Meda 2006; Katzer, Domski 2012; Gregorová, Štefunková 2016; Leone et al. 2018; Lee et al. 2017 ). Short fibers with lengths of 6 to 40 mm, which are randomly distributed in all directions, so as to have isotropic behavior, are commonly used in fiber-reinforced concrete. However, the real fiber distribution is strongly influenced by various factors, such as the fiber characteristics, including the diameter, length and volume fraction, the rheological properties of the matrix, the placing method, the shape of the form, etc. Non-uniform fiber distribution decreases the effect of fibers on strengthening the matrix (Mobasher et al. 1990; Poitou et al. 2001) . The basic requirement for full effect of fiber in SFRC is uniform fiber dispersion, called homogeneity. Effectiveness of fibres greatly depends on their orientation in respect to geometry and load direction, and they tend to orient during casting (Grunewald et al. 2003; Martinie, Roussel 2011; Şanal, Ozyurt 2013) and this tendency has been investigated by many authors (e.g. Gettu et al. 2005; Stähli, van Mier 2007; Stroeven, Guo 2008) . The knowledge and understanding of this behaviour can be used to optimize the casting process to orient fibres in the desired direction. Numerical simulation is increasingly being used to model the flow behaviour of concrete (Roussel et al. 2007; Deeb et al. 2014) , including fibres reinforced concrete (Kang et al. 2011) . There are several types of techniques that are widely used to determine fibers distribution in cement-based materials. One is the image analysis of cross-section of specimen which includes cutting samples and acquiring image by an optical microscope. It is one typical destructive measurement and needs a long time for preparing samples (Wang et al. 2017; . As a non-destructive, efficient and high-resolution method, X-ray CT imaging technology is an applicable method for investigating the internal microstructure of cement concrete with three-dimensional "3D" view (Henry et al. 2014; Wang et al. 2018; Liu et al. 2013; Balázs et al. 2017; Kim et al. 2012; Wong, Chau 2005; Komárková 2016; Yang et al. 2013; Mishurova et al. 2018) . As an alternative the magnetic method is being developed by Italian (Ferrara et al. 2012) and Spanish (The fib Model Code... 2013) research groups as well as another (Nunes et al. 2016 (Nunes et al. , 2017 . Among the various techniques, image analysis provides direct information on fiber dispersion and orientation. However, previous studies reported that a two-dimensional image analysis technique may induce a significant systematic error in orientation measurements according to image resolution (Eik, Herrmann 2012; Eberhardt et al. 2001) . However, these methods, whether direct or indirect, destructive or non-destructive, are not easily applied to built structures (Figure 1 ). Therefore, we present a new image analysis technique to improve the evaluation accuracy of fiber orientation distribution in the sectional image of fiber-reinforced cement-based material. The proposed image analysis technique estimates the distribution of fiber orientation from the number of fibers in the sectional images because the number of fibers is dependent on the distribution of the fiber orientation.
Research a methodology

Methodology
Experimental beams. For research purposes and to verify dispersion ratings of the reinforcement, beam samples with dimensions of 150×150×550 mm have been produced (see Figure 1) . The beams were cut into smaller parts with dimensions of 100 mm. The cut surfaces of the fiber-reinforced concrete beams (150×150×100 mm) were photographed and analyzed with the help of a software.
The developed software was supposed to identify the number of fibers, their direction and spatial orientation taken from the images of fiber-reinforced sample cuts.
Core drills. Comparison and verification of the fiber spatial orientation of the produced structure were conducted on the SFRC structure's core sample. The experimental samples were obtained via core drilling.
Materials used. Mixed Portland cement CEM II / B-M (S-V-LL) 32.5 R, mined aggregate and steel fibers 60 mm long and 1 mm in diameter were used to produce the six fiber-concrete samples (beams). As for the concrete production, a fresh reference concrete formula was used, according to EN 14845:2007 EN 14845: (2007 with water cement ratio of 0.55. The cement dose amounted to 320 kg/m 3 , water batch 176 kg/m 3 , aggregate fractions 0/4 mm and 8/16 mm aggregate fractions were loaded both with 952 kg/m 3 . The dosage of the fibers was determined according to the draft for floor structures -30 kg/m 3 .
The fibers used in the experimental beam sample production were selected with respect to its dimensions and were identical with the fibers used to produce the SFRC structure (Svoboda, Doležal 2008) . The direction of detected fibers is dependent upon the indicative factor of the structure and therefore the dimensional characteristics of the beams crucial to the choice of the fiber's length. The orientation factor has been the subject of the research (Gettu et al. 2005; Lee et al. 2009 ) and indicates the direction and position of the fibers at the edges of the sample. The casting walls have a big impact on the direction of the fibers and therefore the indicative factor is in the element's middle α 1 = 0.5, α 2 = 0.6 and at the edges α 3 = 0.84. Depending on the shape of the casting the "α" is calculated as a total. The fibers were thus selected with a length of 60 mm and a diameter of 1.06 mm. Their slenderness ratio equals to 55. Slenderness ratio characterizes the shape of the fiber and determines the ratio of fiber length to its thickness. The same formula was used in the concrete implementation of SFRC floors in industrial buildings.
Cutting samples and photography. The cutting of experimental beam samples was conducted on a bench saw with a high speed cutting disc.
The beam has been slid on a sliding table (runner) at an appropriate speed so that the fibers on the surface of the cut would not have been deformed (Eik 2014) . Diamonds on the cutting disc could damage the surface of the transected fiber, which may result in lower light reflection during photography. This may cause an incomplete loading of fibers by the developed software. In the case of damaged fibers, the surface of the cut may additionally be sanded, achieving a straight cut surface of the fibers. The camera was placed on a tripod to achieve higher image quality during imaging (see Figure 3) . Additional flash has not been used during imaging, so the software is also able to process the reflection of natural light from the fibers. Shiny surfaces of the cut fibers with higher reflectivity than concrete reflected more light. Thus, they appear on images as bright areas (areas with high brightness). Imaging is conducted on all surface cuts. The cut surfaces have not been additionally treated.
Research of expression of dispersal
A homogeneous fiber reinforced concrete should contain homogeneously dispersed fibers. Random distractions should constitute fibers rotated around each axis in space. The subject of this research is fiber dispersion in the hardened fiber reinforced concrete. Frequency is used to express the number of fibers per unit area Balázs et al. 2017) . To illustrate the randomness of dispersed fibers, see Figure 4 . It also illustrates the core drill method as well as the detection area.
Spatial distribution of fibers. Fibers in the concrete are arranged randomly. Spatial location and orientation are also affected by the materials used. Fiber position in space (Zhu et al. 1997) can be determined through magnetic induction, or X-ray radiation (Rudzki et al. 2013; Ponikiewski, Golaszewski 2012; Balázs et al. 2017) . The direction of the fibers, as well as its position is affected by several factors. The direction of flow and filling of the concrete has a significant impact on the direction of the fibers (Stähli 2008; Ferrara et al. 2008; Švec et al. 2014) in the hardened fiber reinforced concrete. Management of fiber distribution and direction has an effect, e.g. on the production of prefabricated concrete elements (Špak et al. 2016) , where the direction of acting force is a known factor. Figure 4 indicates a randomly inserted surface in a space. Randomly transected fibers are shown on the cut's surface, drawn in the shape of a circle or ellipse. Cuts subjected to photo shootings constitute such random surface inserted into the space.
Inclination of the transected fiber and its shape -the size has already been the subject of research (Yong-zhi 2000; Stroeven, Guo 2008) . The size of the ellipse, used as an expression of the fiber's direction randomly passing an inserted surface, has been expressed for the software's purposes as the ratio of the two axes of the ellipse.
It was this research's priority to programmatically identify the diameter of the transected fibers. The fibers will then be assigned by the software to the axis based on the dominant angle.
If the length of one axis of the ellipse is greater than 1.311 times the dimension of the shorter diameter of the fiber expressed in pixels, it is associated with an axis "z" or "y". This multiple is expressed by a plane intersecting the fiber by less than 45 degrees. In case the fiber is identified with a smaller aspect ratio or annular diameter, it is assigned to the "x" axis. Based on the rotation angle of the long axis of the ellipse "ß" of the identified fiber, the software assigns the fiber to "z" or "y" axis. Rotation higher or lower than 45 degrees is critical (Žirgulis et al. 2016; Eberhardt et al. 2001; Eik 2014; Balázs et al. 2017 ). Dispersion of fiber in space. The number of randomly transected fibers arises from the likelihood of fiber found in a cross-section of the volume. It's based on fiber dimensions and calculations with respect to 1 m 3 of concrete. Stereology and morphometry addresses the visor display (3D) using 2D (area) image projection. It means a spatial interpretation of the two-dimensional image, based on probability and statistics.It can express the number of pixels per unit of the volume or spatial orientation, point density or bulk density of the structure. Fiber properties and their dimensions are identifiable.
Assuming the amount of the detected -exposed fibers we therefore base our assumption on the dimensions and entrainment of the fibers and definitions of the III. stereology sentence, that reflects the median value of random intersections and reads as follows.
Each cubic meter of infinite space contains L meters of flexible fibers. If we place an area of 1 square meter in the space, then the median number of intersections of fibers with an area "s" is calculated as (Stroeven, Guo 2008; Barbier 1860 
where: E(N) -the median number of cross points (pc); L -length of the fiber in total (m); s -area embedded in a space randomly. The fiber diameter and its cross-sectional area is at the size of the fibers of the stereological calculation negligible. The priority is to know the length of the fiber and their quantity in the monitored volume. In 3D space each cutting surface should portray fibers representing the direction around each axis equally. The same percentage representation proves homogeneity of the fibers. Fibers perpendicular to the direction of the cut, "x" axis, will render a circle. Fibers rotated parallel to the axis "y" and "z" are drawn as an ellipse (Stähli 2008 ). In the cross section in Figure 4 , the fibers are drawn as circles or ellipses. The fibers on the cross section of the fiber reinforced concrete are arranged according to their position and direction. It proved necessary to identify and express this arrangement. To express the fiber arrangement on the cutting surface, the distribution coefficient αt has been used (Lee et al. 2009) . It is based on the number of identifying fibers and their conversion into an area divided into tabs according to the number of fibers. We get an identical result with a similar algorithm of the expressed uniformity indexuniformity of I.st order. It is the number and size of the individual squares assigned to the fibers according to the direction and count of the fibers identified by the software . Figure 5 shows 40 identified fibers. The cross-sectional area (sample dimensions 150 mm × 150 mm) has to be divided by the number of fibers found for each axis -based on the image we're dealing with 40 pieces. Together, along the axis "x" 32 fibers, 7 fibers along "y" and a single fiber along axis "z". The length of the associated squares "a" is then the square root of that value for each axis. Since the fibers arranged in the cross section are random, each fiber is assigned to a square of dimensions "a" time "a" according to the area of the cut sample divided by the number of fibers for each direction (being the 32, 7, and 1 pc). Their overlapping reduces the sum of the overlapping area to the total cross-sectional area. After subsequent partitioning of this area P vi and the cross-sectional area P s , we get a number indicating the so-called uniformity index. The uneven state of dispersed fibers is expressed by the uniformity index approaching zero. Index value approaching 1, on the other hand reveals a uniform state. An example of such expression of dispersion is shown in Figure 5 . Calculation of the size of the square assigned to a fiber is embedded in the Eqn (2), which is calculated for each axis in 3D. Figure 5 . The fiber assigned squares along the axis "x" in blue, the "y" direction green and "z" yellow colour
The area of the square assigned to each fiber by-axis direction is then
where: P S -represents the image area (150 mm × 150 mm) (mm 2 ); V -number of fibers identified by the software (pc); P V -the area of the square associated with the fiber (mm 2 ). Uniformity index (the degree of dispersion) is then calculated as the proportion between the total image area and the amount of overlapping areas.
This calculation is performed for all axes:
where: i r -the uniformity index (-); ∑P V -the number of overlapping pads assigned to the fibers (mm 2 ). Exemplary area of overlapping fibers is shown on Figure 6 . Drawn are amounts of overlapping areas of the squares.
The total image area is a set of points (pixels). For the mathematical expression in a simple version one-pixel equals to one millimeter. The image area is a set of points P S = < 1; 22,500 >, and it is a square with side length of 150 mm. The lower left corner of the image represents the value 1 and point 22,500 is the upper right point of the image. After assigning the squares to the fibers based on their center of gravity each fiber gets an area expressed in coordinates -points. Their range will be registered under the associated axis and the number of identifying fibers as P v x 6 = < 354; 1,854 >.
These points count towards the points forming a checkerboard grid. After the allocation of the next square to the fiber adjacent to the preceding one, the pad assigned to that fiber has again an interval registered as: P v x 11 = <1,487; 3,852>. Points in the intersection will not be labeled for the second time, because they already belong to a group of points forming a square area.
Their entry will be written as a set of points:
. 6 .1 1 . 6 .1 1 . 6 .1 1 .
4) By gradually adding points from pads assigned to fibers, an overlapping area is created and in the same manner the next table is always added.
An equation is then valid:
where: P v1 represents the square area assigned to the fiber (-); P vi -the square area assigned to i-th fiber (-).
The relationship and process are repeated. Pads assigned to fibers in an overlapping manner, do not increase the resulting uniformity index, because after the first count the second-time points are not counted anymore.
A similar procedure is used for fibers around each of the three main axes in 3D space (see Figure 7) . The resulting uniformity indices are calculated in Table 1. The scan area size is 150 mm × 150 mm. This represents an area of 22,500 mm 2 . The average uniformity index size amounts to 0.55 (Table 2 ). The size of the overlapping area was measured in a control manner in the CAD program.
Forecasts of fibers of scored by III. Stereology sentence follows from the length of the fibers inserted into one cubic meter of concrete. Their conversion is indicated in Tables 3 and 4.
With known data on the fibers we can determine the amount of randomly detected fibers -an estimate of the intersection points. Figure 6 . Assigned squares to fibers along the "x" axis The uniformity index can have the same value in shots with 15pc of fibers exposed, but also in shots with 57 pieces of fibers. Therefore, the uniformity index should be multiplied by the ratio of identified fibers and fibers theoretically expected. This calculation is then to be done for each axis (x, y, z). The lowest homogeneity is shown on "z" axis, because it contains the lowest number of fibers in its direction (Table 5 ). 
Analysing software
To search for fibers a specific application has been prepared. The basic application is designed in C ++ (Ponikiewski, Gołaszewski 2015). The application architecture is built to utilize external libraries OpenCV.
OpenCV is an open-platform library designed for image processing. It is focused on the computer vision and image processing in real-time (Bradski 2000) . Graphical application environment is created in the library of the Microsoft Foundation Class Library (MFC), which encapsulates the Windows API in C ++ classes, ensuring full compatibility with most Windows platforms. Used technologies ensure scalability of the application and expandability of the new features in the future. On to the loaded input image selected filters of the OpenCV library are applied. If the input image is large, and it contains dead spots on the edges, the software uses thresholding (image processing depicted in Figure 8 ). Subsequently contours are searched for, while convexity defects are combined to form one solid object. The result of this step is the cut-out image of the concrete sample. The image of the concrete sample is then processed using morphological reconstruction to eliminate local maximums. Subsequently, methods of erosion and dilation were applied to improve the quality of bright parts. Along with the binary thresholding bright parts were obtained, which in our case represents the found fibers (Žirgulis et al. 2016; Lee et al. 2016; Eik 2014) .
The detection software retrieves the image taken. It will analyze each fiber and by rotation and size assigns it to the relevant axis. The software operates in an "x, y" coordinate system, and each detected fiber has coordinates, with which the output information is further processed (Figure 9) . It also detects the resulting centroid of all fibers. The created software works in a pixel coordinate system. The square area is expressed by ones in an area labeled with zeros. These ones are not transcribed for the second time and, so they form the overlapping area created by the squares.
Fibers assigned to the axes based on the basic mathematical functions and presented in Ponikiewski and Golaszewski (2012) , Žirgulis et al. (2016) , Lee et al. (2016) and Eik (2014) . Angles concerned are θ and Φ -according to the image below (Figure 10) .
The fiber dispersion coefficient and uniformity index "i r " is automatically calculated via the following steps: 1) Building specimen, cutting and photographing; 2) Software image processing consists of following steps: a) Convert the RGB image to a grayscale image; b) Convert the grayscale image to a binary image based on a set threshold -object detection based on a thresholding algorithm; c) Divide the binary image into units, i.e., equivalent squares, of which the total number equals the number of fibers (n); Figure 8 . Image processing procedures Figure 9 . Analysis of cut fiber d) Obtain the coordinate data for the centroid of each fiber image; e) Each fiber is assigned with square area based on the number of fibers. Areas are added together and divided by the detection area. By overlapping of these areas, the sum of the total overlapping area is reduced in comparison with total cross-sectional area. Subsequent dividing of this area, which sums up all areas, by total cross-sectional area leads to number expressing so called uniformity index. 3) Analysis of each axis separately, uniformity evaluation.
Results of the research
Measurement and the evaluation method show dispersion of fibers. Table 6 records the number of actually detected fibers to individual axes along with the detection area and the uniformity index. The solid line depicts the course of dispersed fibers (Figure 11 ). It constitutes the number of detected fibers, the number of theoretically estimated fibers and their flat dispersal. The axes (x, y, z) are drawn in a different colour. The largest representation of rotated fibers shows routing around the "x" axis. It is necessary to take software bugs, ill-drawn fibers in cross-section, and with a tolerance of pixels into consideration. Based on the results, the impact of filling and the shape of the casting on the resulting fiber orientation can be determined. The expected number of fibers is 50. Table 7 presents the amount of fibers detected by the software from cuts performed by core drilling. The "x" axis perpendicular to the cutting plane and the "y" and "z" axes are parallel to the area of the cut. When analyzing the results of the drill and results detected, higher concentration in the direction of pouring parallel to the direction of concrete flow, can be reported. Mostly in the direction axis "z" (Figure 12 ). 
Conclusions
On the basis of our own studies, using our own method and software to analyze the distribution of fibres in concrete, the results were obtained within the selected field of research. The developed computer software allows analysis of the distribution of individual fibers in samples. An image analysis method for automatic segmentation and evaluation of steel fibers was presented.
We proposed a new image analysis technique to estimate the distribution of fiber orientation in a sectional image of fiber-reinforced concrete. The proposed technique is essentially composed of four tasks, i.e., specimen preparation, image acquisition, image processing for fiber detection, and mathematical treatment for calculation of fiber dispersion coefficient. In the development of proposed technique, an enhanced fiber detection algorithm based on categorization, watershed algorithm, and morphological reconstruction are also proposed to enhance the fiberdetection performance.
The proposed technique estimates the distribution of fiber orientation by finding optimal distribution functions matching the measured number of fibers by an image analysis with the theoretical number of fibers calculated from the volume and diameter of the fiber, the area of the sectional image and the assumed fiber distribution.
Confirmed was the orientation of fibres consistent with the direction of the formation of a mixture SFRC. The highest value of fiber in the sections of testing beam was in "x" axis, which is perpendicular to the plane of cut and parallel to the flow of the concrete. We can conclude that most of fibers in beams is oriented in the direction of "x" because fibres are influenced also affected by the test beam walls (i r for x = 0.508; i r for y = 0.35; i r for z = 0.33). Three horizontal cuts were performed in case of test with core drill. The highest concentration of fibers was in "z" axis shown in Figure 4 (i r for x = 0.36; i r for y = 0.52; i r for z = 0.55).
The presented method and software is the introduction to research on the relationship between the distribution of fibers in concrete elements and the strength parameters.
There was no evidence of fibers placed too close to each other and the formation of so-called "hedgehogs".
Submitted outputs present the uniformity index as data defining the final arrangement and orientation of the fibers. It can also be applied to production of fiber reinforced concrete structures with controlled orientation, where the assumption of acting internal forces is known. It also creates a basis for the development of evaluation software and more detailed expression of decomposition of forces into individual axes. Currently the conducted research is aimed at verifying the possibility of evaluating the images obtained from the CT-Scan device.
